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Lignocellulosic feedstocks can be prepared for ethanol fermentation by pre-treatment with a dilute
mineral acid catalyst that hydrolyzes the hemicellulose and opens up the plant cell wall fibers for sub-
sequent enzymatic saccharification. The acid catalyzed reaction scheme is sequential whereby released
monosaccharides are further degraded to furans and other chemicals that are inhibitory to the next
fermentation step. This work evaluated the use of agricultural residue (flax shive) as starting mate-

10850
thanol fermentation
etoxification
urfural
ctivated biochar

rial for making activated biochar to adsorb these degradation products. Results show that both furfural
and hydroxymethylfurfural (HMF) are adsorbed by steam-activated biochar prepared from flax shive.
Decontamination of the hydrolyzate significantly improved the fermentation behavior by Saccharomyces
cerevisiae yeast, including significantly reducing the lag phase of the fermentation, when the amount of
biochar added to the fermentation broth was 2.5% (w/v). No negative effects were noted from addition
of activated char to the process.
. Introduction

Lignocelluloses have been promoted for many years as an attrac-
ive resource for production of biofuels, chemicals, and bioproducts.
ermentation of biomass into ethanol or other products typically
equires first hydrolyzing the carbohydrates into fermentable sug-
rs. There are several competing methods of hydrolysis but one
f the most widely accepted method involves pretreating biomass
ith a dilute mineral acid catalyst that hydrolyzes the hemicel-

ulose to oligomers and monosaccharides (Hahn-Hägerdal et al.,
006). After pretreatment, cellulose is converted into monosaccha-
ides using cellulases and other related enzymes for subsequent
ermentation to biofuels. However during pretreatment, sugar and
ignin degradation products are produced that are inhibitory to

any ethanol-producing microorganisms and, if not removed, will
ither prevent fermentation or result in a prolonged lag phase and
educed product yield (Boyer et al., 1992). The main inhibitors
re furfural (mainly from xylose degradation) and hydroxymethyl-

urfural (HMF) (mainly from glucose degradation). The minimum
nhibitory levels vary from microorganism to microorganism but
re generally below 1 g/L (Weil et al., 2002; Mussatto and Roberto,
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926-6690/$ – see front matter. Published by Elsevier B.V.
ttp://dx.doi.org/10.1016/j.indcrop.2013.04.059
Published by Elsevier B.V.

2004), and furfural is more toxic than HMF. Recently, Mussatto and
Roberto (2004) and et al. (2008) Huang reviewed options for detox-
ifying these hydrolyzates. Many methods that have been studied
in the past focused on pH adjustment in combination with acti-
vated charcoal treatment but the charcoal was removed from the
hydrolyzate prior to fermentation (Gong et al., 1993; Dominguez
et al., 1996; Parajó et al., 1996; Alves et al., 1998; Silva et al., 1998;
Mussatto and Roberto, 2001). Even more recent studies that utilize
sorption schemes to remove fermentation inhibitors suggest segre-
gating the detoxification and the fermentation (Hodge et al., 2009;
Ranjan et al., 2009; Zhang et al., 2011; Lee et al., 2011). Even biolog-
ical removal techniques (microbial or enzymatical) to remove the
inhibitors have been studied (Parawira and Tekere, 2011).

Most previous studies applied commercially available activated
carbons that were manufactured from coal. However, activated car-
bons can also be generated using sustainable biomass feedstocks.
The production of carbons from fibrous lignocellulosic materials
involves pyrolysis under an inert atmosphere before it is activated
(Lima et al., 2004). Steam activation is the most common method
of producing activated carbons, but acid activation, or carbon diox-
ide activation has also been used (Johns et al., 1999; Toles et al.,
2000a,b). One source of biomass previously proposed for produc-

tion of activated carbon is flax shive (Cox et al., 1999).

Flax (Linum usitatissimum L.) is a source for fiber (for linen tex-
tiles) and oil (linseed oil) for domestic and industrial uses (Berglund,
2002; Domier, 1997; Van Sumere, 1992). In order to obtain the
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http://www.sciencedirect.com/science/journal/09266690
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ber (which is contained in the stem) the material is retted, which
eparates the fibers from the other parts of the stem. The most com-
on type of retting is dew-retting (Van Sumere, 1992). The 2007

ax seed production was 5.9 million bushels (150,000 metric ton)
n the U.S. (USDA, 2008) and 989,000 ton in Canada (AAFC, 2008).
he seeds only constitute a small part of the plant and the shive
yproduct yield is approximately 1.88 kg shive/kg of seed. Thus, the
otential amount of fiber-free flax shive available in North America
an be estimated at 2.1 million ton annually (Klasson et al., 2009).

In this manuscript, we report on a process that is built on simul-
aneous saccharification, detoxification, and fermentation. In this
rocess, activated biochar made from flax shive is added to the
ydrolyzate prior to fermentation. The fermentation progresses in
he presence of the activated biochar. Prior work often consid-
red sorbent recycle (or inhibitor recovery) as an important part
f the process and separated the char prior to fermentation. How-
ver, the added separation step makes the process more complex,
dds additional expensive equipment requirements, and may in the
nal analysis not prove cost effective. Considering that the spent
icrobial cells after fermentation usually contain transgenic orga-

isms along with residual lignin and will be combusted, additional
arbon-like materials in this matrix will likely increase the value
e.g., fuel value) of this waste product. In addition, sustainability
s enhanced by using activated carbons from biomass, which have
reviously been found to have good adsorption capacity for the
ermentation inhibitors furfural and HMF (Klasson et al., 2011).

. Materials and methods

Several different experiments were performed as part of this
tudy. The first set of experiments was designed to see how well
team activated biochar would remove the fermentation inhibitors
urfural and HMF in a lignocellulosic acid hydrolysis liquor. The
econd set of experiments took the process a step further by deter-
ining how well the biochar removed the fermentation inhibitors

rom hydrolyzates that had undergone both acid pretreatment and
nzyme hydrolysis. The third and fourth set of experiments focused
n determining the impact of adding biochar in the fermentation
rior to saccharification and yeast inoculation.

.1. Materials

The milled switchgrass used in this study was described in a pre-
ious study (Dien et al., 2006). Enzymes were generously donated
y Novozymes North America (Franklinton, NC). Retted flax shive
as acquired from the USDA Flax-Fiber Pilot Plant (Athens, GA). All

hemicals were of research grade and sourced from either Sigma
hemicals or Fisher Scientific. While flax was used as the starting
aterial for the activated char, other similar lignocellulosic waste

roducts may serve the same purpose (Klasson et al., 2011).

.2. Activated biochar production

Steam activated biochar was prepared from dew-retted flax
hive by pyrolysis at 700 ◦C for 1 h, immediately followed by steam
ctivation at 800 ◦C for 45 min and was washed before use (Klasson
t al., 2011).

.3. Acid pretreatment and hydrolysis
Seventeen grams of switchgrass was mixed with 80 mL of 1.7%
w/v) H2SO4 in 200-mL capped stainless steel vials and heated
while rotating at 60 rpm) at 160 ◦C for 20 min in an infrared-heater
ased oven (Labomat BFA-12 v200, Werner Mathis, Concord, NC).
d Products 49 (2013) 292–298 293

In Study 1, the hydrolyzed liquid was recovered from the solids by
filtering with cheese cloth and stored at 4 ◦C without neutralization.

2.4. Activated biochar treatment of acid hydrolyzate

In Study 1, 10 mL of filtered acid hydrolyzate (∼pH 1.1) was com-
bined with various amounts of biochar (0, 0.03, 0.06, 0.1, 0.2, 0.3, 0.4,
or 0.5 g) in 40-mL glass vials capped with TeflonTM-lined tops and
mixed end-over-end for 24 h at ambient temperature. Triplicate
experiments were done. After contact, a portion of the supernatant
was filtered using 0.45-�m-pore-size syringe filters (Millex-FH,
polytetrafluoroethylene, Millipore, Billerica, MA) before analysis
(triplicate injections) using HPLC.

2.5. Neutralization and buffering

After acid hydrolysis, the entire content (∼100 mL) of the Labo-
mat reactor was neutralized and buffered by adding 7.1 mL of 15%
(w/v) Ca(OH)2 solution and 4.5 mL of 1 M citric acid buffer (pH 4.8)
(Dowe and McMillan, 2008). In Study 4, the buffer was changed to
4.5 mL citrate-phosphate buffer (pH 6) (McIlvaine, 1921).

2.6. Enzymatic pretreatment and hydrolysis

In Study 2, filtered and neutralized hydrolyzate (∼110 mL) was
enzymatically treated by adding 2.7 mL of CTec3 (which contained
37 FPU cellulose/mL and 3900 U xylanase/mL, Novozyme), 2.7 mL
of HTec3 (which contained 400 U xylanase/mL, Novozyme), and
320 �L of sodium azide (2.5 mg/L) in capped glass bottles and
shaken at 50 ◦C for 3 days. In Studies 3 and 4, the enzyme mixture
was added simultaneously with yeast inoculum.

2.7. Activated biochar treatment of acid/enzyme hydrolyzate

In Study 2, either 5 mL centrifuged neutralized hydrolyzates was
combined with biochar (0.15, 0.2, or 0.25 g) or 10 mL of the same
hydrolyzate was combined with biochar (0, 0.05, 0.1, or 0.2 g) in 40-
mL glass vials with TefonTM-lined caps and mixed end-over-end for
24 h at room temperature. Triplicate experiments were done. After
contact, a portion of the supernatant was filtered before analysis
(duplicate injections).

2.8. Sequential activated biochar treatment, enzyme hydrolysis,
and fermentation

Two experiments were applied. In Study 3, the neutralized and
buffered acid hydrolyzate was treated for 2 h with the active char.
No sodium azide was added in this case. Without solids separation,
the hydrolyzate was inoculated to an OD600 of 1.0 with the geneti-
cally engineered xylose fermenting yeast Saccharomyces cerevisiae
strain YRH400 (Hector et al., 2011). Study 4 was conducted in a
similar manner with the following modifications: activated char
was only pre-contacted for 2 h and the culture was inoculated to
an OD600 of 3.0. The fermentations were conducted at 32 ◦C for 5
days. Triplicate control experiments were also treated in the same
fashion but without adding activated biochar. In addition, enzyme
background fermentations (without hydrolyzates) were also con-
ducted to account for the amount of gas and ethanol produced from
sugars originating in the commercial enzyme preparations.

2.9. Fermentation monitoring
Fermentation progress was monitored by measuring exhausted
carbon dioxide using gas production modules (Ankom Technolo-
gies, Macedon, NY). Carbon dioxide and ethanol productions are
stoichiometric. The gas production modules directly measure
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Fig. 1. Furfural and HMF concentration in acid hydrolyzates after contact with
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ctivated biochar at various dosing rates. The hydrolyzates also contained 10.7 g/L
lucose, 37.4 g/L xylose, 5.9 g/L arabinose, and 6.9 g/L acetate (error bars represent
tandard deviation of results from triplicate experiments).

umulative increase in gas pressure, which is converted to mmoles
f CO2 production using the ideal gas law. The gas production mod-
les were set to record gas production very 15 min and to exhaust
O2 at 6.9 kP (above ambient).

.10. Analytical procedures

Furfural and HMF analyses in the first two studies were per-
ormed via HPLC (Series 1100, Hewlett Packard/Agilent, Santa Clara,
A) with Zorbax SB-C18 column (3 × 150 mm, 3.5 �m particle size,
gilent, Santa Clara, CA) using a flow rate of 0.4 mL/min at 22 ◦C.
he two mobile phases (A and B) consisted of 95% deionized
ater with 5% acidified (2.5 g acetic acid/L) methanol and 100%

cidified methanol, respectively. The solvent profile was 100% A,
0% B at 15 min, 100% B at 17 min, 100% B at 25 min, 100% A at
8 min, and 100% A at 38 min. The sample volume was 1 �L of
ltered hydrolyzates and the diode array detector collected data
t a wavelength of 280 nm. Duplicate or triplicate injections were
ade. Calibration was performed with four furfural and HMF stan-

ards. The calibration curve could be approximated with a second
rder polynomial with shapes similar for both furfural and HMF. In
ll other studies, sugars, organic acids, furans, and ethanol were
easured by injecting 20 �L/sample onto a normal-phase HPLC

quipped with a refractive index detector and an organic acid
nalytical column (Aminex HPX-87H Column, 7.8 × 300 mm, 9 �m
article size, Bio-Rad Laboratories, Inc., Hercules, CA) run at 65 ◦C
t 0.6 mL/min with 5 mM H2SO4 (Dien et al., 2004).

. Results and discussion

Feasibility studies of activated biochar treatment of acid
ydrolyzates from switchgrass demonstrated that inhibitor lev-
ls could be reduced from 3.8 g/L of furfural and 0.92 g/L of HMF
o below a target level of 1 g/L of furfural at a biochar dosage of
pproximately 3.5% (w/v) (see Fig. 1). Furfural concentrations were
bserved to be higher than HMF, which is expected because furfural
riginates from arabinose and xylose liberated by the dilute-acid
retreatment.

In Fig. 2, the adsorption isotherms have been plotted for the

xperiment. As is noted, because of the higher levels of furfural
resent, the activated biochar contained higher amounts of furfural
han of HMF. In previous studies of furfural and HMF adsorption
rom sugar solutions, the amount of furans sorbed on to the biochar
Fig. 2. Isotherm profiles for uptake of furfural and HMF on activated biochar from
acid hydrolyzates. Sugar and acid levels are listed in Fig. 1 caption.

corresponded to approximately 1.1–1.3 mmol furan/g of carbon,
with the higher value being that for furfural (Klasson et al., 2011).
In the present study, the maximum loading was about 1 mmol/g of
total furans. The possible reason it was lower in this study, is that
there may be a variety of other organics (e.g., phenolics released
from partially degraded lignin) in the hydrolyzates that compete
for the adsorption sites as compared to a simple sugar solution.
Another possible explanation is that hydrolyzate was highly acidic
(pH 1.1), while the sugar solution in the previous study was mildly
acidic to nearly neutral (Klasson et al., 2011). Other research has
suggested that furfural adsorption onto carbon works best at pH 6,
or above (Sahu et al., 2008). Other studies have reported furfural
uptake capacity of traditional activated carbon to be in the range
of 0.24 mmol/g (Sahu et al., 2008) to 3.9 mmol/g (Sulaymon and
Ahmed, 2008) under various conditions.

Since the acidic conditions in the acid pretreatment
hydrolyzates are considered less than optimal for adsorption
(Sahu et al., 2008), further experiments were performed. The
concentrations of the furans after contact, with different quantities
of activated biochar, in the hydrolyzate that had been neutralized
and undergone subsequent enzymatic-mediated hydrolysis as
well are shown in Fig. 3. As is noted in the figure, a lower dose
of biochar was needed to reduce the furfural to below the goal
of 1 g/L. This was likely due to the fact that the concentrations
of the furans were lower in these samples. This was anticipated
as neutralization of acid hydrolyzates reduces the level of furans
(Mussatto and Roberto, 2004).

The isotherms from this set of experiments are presented in
Fig. 4 and they look similar to those presented in Fig. 2. Thus, we
must conclude that neutralization to a mildly acidic pH (pH 4.5) did
not improve uptake (even though less biochar was required), sug-
gesting that other compounds present in the hydrolyzates may bind
to some of the adsorption sites. However, this characteristic may
not be disadvantageous because lignin breakdown products have
also been cited as fermentation inhibitors (Mussatto and Roberto,
2004).

The adsorption of the furans onto the activated biochars was
modeled using the following modified Langmuir isotherm equa-
tion:

q = qHMF + qFur = qm,HMF KHMF CHMF + qm,FurKFurCFur

1 + KHMF CHMF + KFurCFur
where q is the sum of furans adsorbed (in mmol/g), qm is the
adsorption limit, C is the equilibrium concentration (in mmol/L, i.e.,
mM) and K is a equilibrium constant (in L/mmol). The parameters
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Fig. 3. Furfural and HMF concentration in neutralized hydrolyzates (from acid pre-
treatment and enzymatic hydrolysis) after contact with activated biochar at various
dosing rates. The hydrolyzates also contained 60.1 g/L glucose, 27.5 g/L xylose, 5.2 g/L
arabinose, and 5.8 g/L acetate (it is important to note that the enzyme prepara-
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Fig. 5. Comparison of the modified Langmuir isotherm with the raw data. The
fitted constants in the Langmuir isotherm equation were: qm,HMF = 0.65 mmol/g,
KHMF = 1.35 mmol/L, qm,Fur = 1.16 mmol/g, and KFur = 1.22 mmol/L.
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ions used in the study contributes approximately 15 g/L of glucose and 0.6 g/L of
ylose in this liquid. Error bars represent standard deviation of results from triplicate
xperiments).

ere determined for the data sets presented in Figs. 2 and 4
y first forming the ratio qHMF/qFur and plotting this as a func-
ion of CHMF/CFur and determining the slope of the straight line,
epresenting the (qHMFKHMF)/(qFurKFur) ratio. Once this value was
etermined, the rest of the variables were determined through non-

inear regression with bi-square weighting of the data according to
he procedure described by Duggleby (1981). The result of the mod-
ling can be seen in Fig. 5, where the uptake of both furans has been
lotted as a function of the sum of the furan concentrations in the

iquid phase at equilibrium.
The effect of activated biochar (ABC) addition to the fermenta-

ion broth (after neutralization but before enzyme hydrolysis and
ermentation) is shown in Fig. 6. It is notable that the yeast fer-

entations completely failed without biochar addition. In contrast,
iochar addition resulted in a vigorous fermentation, but only after

n 80-h long lag phase and only in two of the three replicates. This
nding suggested that the yeast were still inhibited to some extent

n the biochar-amended fermentation vessels. Extended lag phases
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ig. 4. Isotherm profiles for uptake of furfural and HMF on activated biochar from
cid hydrolyzates which had been neutralized and treated by enzymes to solubilize
ll sugars. Concentration of sugars and acid in the hydrolyzates was 60.1 g/L glucose,
7.5 g/L xylose, 5.2 g/L arabinose, and 5.8 g/L acetate.
Fig. 6. Effect of activated biochar addition to neutralized acid hydrolyzate 24 h prior
to enzymatic hydrolysis and fermentation.

are a commonly observed symptom of hydrolyzate-associated inhi-
bition.

The furfural, HMF, and sugars concentrations are listed in
Table 1. The concentration of furfural in the untreated hydrolyzates
was 4.3–4.4 g/L (45–46 mM) and 1.4–1.7 g/L (15–18 mM) in the
treated samples. The treated reactor that did not exhibit any gas
production contained the lowest beginning concentration (1.4 g/L)
of furfural. We have observed similar inconsistent results (e.g., 2 out

of 3 fermentations working) when furan concentrations are near
the maximum tolerance of yeast (data not shown). The composi-
tion of the hydrolyzates following fermentation is listed in Table 2
(if comparing Tables 1 and 2, note that concentrations measured

Table 1
Concentration of main constituents before enzymatic hydrolysis and fermentation
in biochar treated and untreated hydrolyzates.

ABC treated Not ABC treated

Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Furfural (g/L) 1.4 1.7 1.7 4.3 4.3 4.4
HMF (g/L) 0.3 0.4 0.3 0.7 0.7 0.7
Glucose (g/L) 9.9 9.6 10.2 10.4 10.4 10.3
Xylose (g/L) 26.8 27.1 26.7 27.2 28.1 27.8
Arabinose (g/L) 4.8 4.8 4.9 5.0 5.1 5.1
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Table 2
Concentration of furans and sugars after fermentation in biochar-amended and un-
amended fermentations.

ABC treated Not ABC treated

Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Furfural (g/L) 0.8 0.0 0.0 3.0 2.9 3.2
HMF (g/L) 0.3 0.1 0.1 0.5 0.5 0.5
Glucose (g/L) 48.3 0.2 0.3 58.3 58.4 57.3
Xylose (g/L) 24.2 22.2 22.4 25.0 25.2 24.8
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was consumed in the untreated controls. Unfortunately, it does
not appear that xylose was fermented to ethanol–ethanol con-
centrations were 32.5 ± 1.2 g/L and 31.4 ± 1.7 g/L for treated and
untreated, respectively. Instead, what xylose was consumed by the
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Arabinose (g/L) 3.8 3.8 3.9 3.9 3.9 4.1
Ethanol (g/L) 3.8 30.1 30.9 1.1 1.3 0.9

fter fermentation represent values in a slightly larger volume due
o inoculation). The presence of glucose in the failed fermentations
s evidence that the cellulases were functioning and the failure
an be attributed to the yeast. What is also noted is that the fur-
ural and HMF concentration after the fermentation is significantly
educed in reactors with active fermentation and it has been shown
hat yeast have the capability to deplete furans given enough time
Boyer et al., 1992). When presented with furans, the aldehydes
re biologically transformed to their alcohol form by the action of
lcohol dehydrogenase. It is not unexpected that the first biochar
rial fermentation failed because furfural remained at the end of the
un. Unfortunately, xylose was not consumed in any of the fermen-
ations. YRH400 ferments xylose much slower than glucose (Hector
t al., 2011). Furthermore, while glucose fermentation is somewhat
olerant to higher acetic acid levels, xylose fermentation by S. cere-
isiae has been shown to be significantly impaired at acetic acid
oncentrations as low as 1 g/L, especially at lower pH (Casey et al.,
010; Wright et al., 2011).

While promising results were obtained for the simulta-
eous saccharification and fermentation of biochar-amended
ydrolyzates, the long fermentation lag phase is not commercially
iable because it affords opportunity for contamination and low-
rs productivity. To optimize the process, the inoculum size and
he pH of the fermentation were increased. High inoculum size
as been shown to be a very effective method of improving fer-
entability of furan-containing hydrolyzate (Boyer et al., 1992). It

s also known that acetic acid, here originating from the hemicel-
ulose, is a potent fermentation inhibitor. However, the affect of
cetic acid can be partially abated by raising the pH above that of
he pKa (4.76) (Mussatto and Roberto, 2004). Increasing inoculum
nd raising pH should also promote xylose metabolism (Casey et al.,
010). Furthermore, the long treatment time (24 h) of the neutral-

zed hydrolyzates with the activated biochar added significant time
o the overall process. In order to address the latter of the concerns,
kinetic study was conducted where the centrifuged neutralized

and enzymatically treated) hydrolyzates was contacted with acti-
ated biochar for different times. The results show (Fig. 7) that
he majority of furfural and HMF adsorption took place within
0–120 min. This results is similar to that obtained by Lee et al.
2011) where it was found that activated carbon acted as quickly
s in 1 h, removing 92–93% of the inhibitors, using activated carbon
harcoal (2.5%, w/v).

The results of fermentation under improved conditions are
hown in Fig. 8, where the fermentation pH was increased from
.7–5.1 to 5.2–5.5, the inoculums size was increased by a factor
f three, and the contact time with activated char was reduced
rom 24 to 2 h. It is apparent that the fermentation in the biochar-
mended cultures progressed very well, giving very consistent
esults among the triplicate bioreactors. This was not the case with
he fermentation in the non-biochar-amended cultures, where

ach of the cultures showed prolonged lag phases, albeit to vary-
ng extents. It is notable, in contrast to results observed from
tudy 3 (Fig. 6), the untreated control fermentations did not stall
Fig. 7. Determination of treatment time required to treat neutralized acid hydrolysis
(error bars represent standard deviation of results from duplicate experiments).

completely, suggesting that increasing the inoculum size and pH
did indeed help the yeast to cope with presence of fermentation
inhibitors. Still, the reduced production rate (from cell growth
lag) observed (Fig. 8) are beyond what is commercially acceptable
because of the increased dangers of microbial contamination. The
amount of activated char added in these experiments is similar to
those proposed by others. Mussatto and Roberto (2001) noted a
27% removal of phenolics by activated charcoal (2.5%, w/w) and
improved fermentation yields; it should be noted that the activated
charcoal was removed before fermentation. Likewise, Alves et al.
(1998) found optimal fermentation yield when sugarcane bagasse
hydrolyzate was treated with 2.4% of activated charcoal, but again
the charcoal was removed before the fermentation.

The main constituents present in the broth before and after
simultaneous enzyme hydrolysis and fermentation are shown in
Tables 3 and 4 (if comparing Tables 3 and 4, note that concentra-
tions measured after fermentation represent values in a slightly
larger volume due to inoculation). Modifying the culture con-
ditions did encourage use of xylose; 40–50% of the xylose was
consumed in the biochar-amended cultures. Little if any xylose
Fermentation Time (h)

Fig. 8. Fermentation activity of biochar-amended and un-amended hydrolyzates at
higher inoculums levels.
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Table 3
Concentration of main constituents before enzymatic hydrolysis and fermentation
in biochar treated and untreated hydrolyzates.

ABC treated Not ABC treated

Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Furfural (g/L) 0.8 0.6 0.7 2.8 2.7 3.0
HMF (g/L) 0.3 0.2 0.2 0.7 0.7 0.7
Glucose (g/L) 9.3 9.6 9.5 9.6 10.0 9.5
Xylose (g/L) 31.3 32.0 31.1 31.2 31.3 31.1
Arabinose (g/L) 5.1 5.1 5.1 5.1 5.1 5.1

Table 4
Concentration of main constituents after fermentation in biochar-amended and un-
amended fermentations with increased inoculum size.

ABC treated Not ABC treated

Rep. 1 Rep. 2 Rep. 3 Rep. 1 Rep. 2 Rep. 3

Furfural (g/L) 0.0 0.0 0.0 0.0 0.0 0.0
HMF (g/L) 0.1 0.1 0.1 0.1 0.1 0.1
Glucose (g/L) 0.5 0.8 0.7 1.4 1.2 4.7
Xylose (g/L) 16.4 19.5 19.8 26.7 25.4 27.5
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Arabinose (g/L) 3.8 4.0 4.0 4.1 4.2 4.2
Ethanol (g/L) 32.7 31.2 33.6 32.1 32.6 29.5

east was converted to xylitol (6–8 g/L). Xylitol is the first interme-
iate in the xylose fermentation pathway and has been observed
o be the dominant side-product for this strain as well as other
accharomyces engineered for xylose metabolism (Hector et al.,
011). Production of xylitol suggests a bottleneck downstream in
he xylose-fermentation pathway and/or a redox imbalance. The
nal concentration of ethanol was approximately the same in all
he bioreactors, but the fermentation started right away and pro-
eeded much faster in biochar-amended bioreactors than those of
he control.

While the impact of activated biochar on sugar availability was
ot studied in this research, previous work with activated car-
on showed that only small amounts (∼9%) of sugars are removed
y the carbon (Lee et al., 2011), and it is important to note that,
ince in our experiments the biochar material remains in the
roth during fermentation, the sugars are presumably partially
vailable for consumption. Acetate levels in biochar-amended and
n-amended fermentation did not appear to be significantly differ-
nt (5.5–6.3 g/L) and thus, did not impact the glucose fermentation
o any extent. The acetate inhibition of xylose fermentation can be
vercome by acclimating yeast to acetate (Wright et al., 2011).

. Conclusion

Activated biochar made from flax shive was successfully used
o adsorb the fermentation inhibitors furfural and hydroxymethyl-
urfural from switchgrass acid hydrolysis. Rate studies showed that
he majority of the inhibitors could be reduced in as little as 1–2 h.
nzyme hydrolysis and simultaneous fermentation performed in
iochar-containing hydrolyzates showed that the fermentation
rogressed very well if the furfural had been reduced sufficiently.
ermentation was still possible in hydrolyzate containing approx-
mately 1.5 g/L furfural but long lag phases were observed and
nconsistency between replicate fermentations. Increased inocula
evels overcame some of the inhibitory effects in fermentation
f non-biochar amended hydrolyzates but the results were not
epeatable and reduced fermentation rates were noted.
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Parajó, J.C., Domı́nguez, H., Domı́nguez, J.M., 1996. Charcoal adsorption of wood
hydrolysates for improving their fermentability: influence of the operational
conditions. Bioresour. Technol. 57 (2), 179–185.

http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0005
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0010
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0015
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0020
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0025
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0035
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0040
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0045
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0050
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0055
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0060
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0065
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0070
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0075
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0080
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0085
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0090
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0095
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0100
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0105
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0110
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0115
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0120
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0125
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0130
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0135


2 ops an

P

R

S

S

S

T

98 K.T. Klasson et al. / Industrial Cr

arawira, W., Tekere, M., 2011. Biotechnological strategies to overcome inhibitors in
lignocellulose hydrolyzates for ethanol production: review. Crit. Rev. Biotechnol.
31 (1), 20–31.

anjan, R., Thust, S., Gounaris, C.E., Woo, M., Floudas, C.A., von Keitz, M., Valentas,
K.J., Wei, J., Tsaptsis, M., 2009. Adsorption of fermentation inhibitors from lig-
nocellulosic biomass hydrolyzates for improved ethanol yield and value-added
product recovery. Micropor. Mesopor. Mater. 122, 143–148.

ahu, A.K., Srivastava, V.C., Mall, I.D., Lataye, D.H., 2008. Adsorption of furfural from
aqueous solution onto activated carbon: kinetic, equilibrium and thermody-
namic study. Sep. Sci. Technol. 43 (5), 1239–1259.

ilva, S.S., Felipe, M.G.A., Vitolo, M., 1998. Xylitol production by Candida guil-
liermondii FTI 20037 grown in pretreated sugar cane bagasse hydrolysate. In:
Bassam, N.E., Behl, R.K., Prochnow, B. (Eds.), Sustainable Agriculture for Food,
Energy and Industry. James & James, London, UK, pp. 1116–1119.

ulaymon, A.H., Ahmed, K.W., 2008. Competitive adsorption of furfural and phenolic

compounds onto activated carbon in fixed bed column. Environ. Sci. Technol. 42
(2), 392–397.

oles, C.A., Marshall, W.E., Wartelle, L.H., McAloon, A., 2000a. Steam- or carbon
dioxide-activated carbons from almond shells: physical, chemical and adsorp-
tive properties and estimated cost of production. Biores. Technol. 75, 197–203.

Supplied by the U.S. Department of Agriculture, Nati
Peoria, Illinois 
d Products 49 (2013) 292–298

Toles, C.A., Marshall, W.E., Johns, M.M., Wartelle, L.H., McAloon, A., 2000b.
Acid-activated carbons from almond shells: physical, chemical and adsorp-
tive properties and estimated cost of production. Biores. Technol. 71,
87–92.

USDA, 2008. Crop Production 2007 Summary. U.S. Department of Agriculture,
National Agricultural Statistical Service, Washington, DC, 39.

Van Sumere, C.F., 1992. Retting of flax with special reference to enzyme-retting. In:
Sharma, H.S.S., Van Sumere, C.F. (Eds.), The Biology and Processing of Flax. M
Publications, Belfast, Northern Ireland, pp. 157–198.

Weil, J.R., Dien, B., Bothast, R., Hendrickson, R., Mosier, N.S., Ladisch, M.R.,
2002. Removal of fermentation inhibitors formed during pretreatment
of biomass by polymeric adsorbents. Ind. Eng. Chem. Res. 41 (24),
6132–6138.

Wright, J., Bellissimi, E., de Hulster, E., Wagner, A., Pronk, J.T., van Maris, A.J.A., 2011.
Batch and continuous culture-based selection strategies for acetic acid toler-
ance in xylose-fermenting Saccharomyces cerevisiae. FEMS Yeast Res. 11 (3),
299–306.

Zhang, K., Agrawal, M., Harper, J., Chen, R., Koros, W.J., 2011. Removal of the
fermentation inhibitor, furfural, using activated carbon in cellulosic-ethanol
production. Ind. Eng. Chem. Res. 50, 14055–14060.

onal Center for Agricultural Utilization Research,

http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0140
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0145
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0150
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0155
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0160
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0165
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0170
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0175
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0180
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0185
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0190
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195
http://refhub.elsevier.com/S0926-6690(13)00239-2/sbref0195

	Simultaneous detoxification, saccharification, and ethanol fermentation of weak-acid hydrolyzates
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Activated biochar production
	2.3 Acid pretreatment and hydrolysis
	2.4 Activated biochar treatment of acid hydrolyzate
	2.5 Neutralization and buffering
	2.6 Enzymatic pretreatment and hydrolysis
	2.7 Activated biochar treatment of acid/enzyme hydrolyzate
	2.8 Sequential activated biochar treatment, enzyme hydrolysis, and fermentation
	2.9 Fermentation monitoring
	2.10 Analytical procedures

	3 Results and discussion
	4 Conclusion
	Acknowledgements
	References




